Abstract: Special moment resisting frames (SMRF) are commonly used as lateral-load resisting systems in seismic design. The results of recent studies have shown that the seismic performance of such frames can be improved by paying particular attention to the detailing of their panel zones (PZ) and beams. Panel zones with unequal beam depths appear to be a special case of connection detailing, which has not received sufficient attention so far and could lead to complications in everyday engineering practice. Some full-scale experiments of connections with unequal beam depths were performed, using different continuity plate arrangements (inclined and straight plates), and different corner clip lengths. A companion analytical study was also conducted, for which results have shown that the correct selection of inclined or straight continuity plates, with special detailing of the PZ, could keep the behaviour of the latter within safe margins. Such considerations could prevent the occurrence of failure in the PZ, and significantly improve the seismic resistance of SMRF with unequal beam depths.
Introduction
Special moment resisting frames (SMRF) are ductile and deformable structures, and can therefore provide the structural characteristics that are needed for acceptable seismic design. The controlled inelastic deformation of such frames is dominated by the high ductility potential of the beams and the panel zone (PZ), so that the corresponding seismic design requirements focus on these elements (AISC 2005a) . For example, there are some limits on the minimum requirements for PZ doubler plates and on the length by which they can extend beyond the continuity plates, as well as on the continuity plate corner clip dimensions and the minimum requirements for continuity plate thickness, all of which can contribute to stable shear mode plastic deformation of the PZ. These limits were also designed to prevent the poor performance of connections due to premature failure or fracture modes. Some specific changes have been made to various codes and their provisions (e.g., the AISC 2005a) to achieve concurrent yield of the PZ and the beams. In the steel moment resisting frame structures of the 1960s and 1970s, PZs were usually designed to be strong in shear mode. The philosophy of this type of design was to prevent any contribution by the column flanges to the shear strength of the PZ (e.g., SEAOC 1975) , and to permit full plastic rotation of the beams.
Studies on PZ behaviour were initiated in the late 1960s and early 1970s to comprehend the inelastic behaviour of joints in moment-resisting frames (Naka et al. 1969; Fielding and Huang 1971; Krawinkler et al. 1971; Bertero et al. 1973; Becker 1975 ). These authors indicated that the contribution to the top displacement of the sub-assemblage was highly in-fluenced by the panel zone distortion. They also pointed out the importance of considering the influence of joint deformations in frames in terms of stiffness and energy absorption. In addition, the effect of axial loads on the performance of connections subjected to shear was also carried out. Several years later, some tests were performed by Slutter (1981) , Popov et al. (1985) , and Popov (1987) to verify the extreme loading conditions on joints and to study the cyclic behaviour of large beam assemblies. These authors found that the column flange could contribute to the nonlinear behaviour of the PZ. They also showed that the PZ can have a high reserve of strength after yielding, high ductility and significant strain hardening properties.
With regard to the high nonlinear capacity of PZ, these observations resulted in a decrease in the PZ demand that was specified in SEAOC (1987) and ICBO (1988) . These codes therefore capped at 80% the transferred shear corresponding to the beam plastic moment, but large distortions of the PZ could lead to local kinking of the column flange at the corner of the joints, where the beam flanges are connected to the column flanges. Results of a study by Tsai and Popov (1988) indicated that panel zones designed according to the above-mentioned provisions could undergo large inelastic shear distortion before reaching their rated shear capacity. Weak PZ behaviour may have played a role in the failures that occurred during the Northridge earthquake (FEMA-267A 1997) . The Northridge California earthquake in 1994 triggered a large amount of research activity in the United States and additional testing was aimed to further understand the balance of energy dissipation between the panel zone and the beam by varying the panel zone capacity in terms of the moment capacity of the beam. Participation of the panel zone to the inelastic response contributed to the reduction of the demands on the beams in terms of deformation (Lee et al. 2005) . Analogous research was carried out in Europe by Dubina et al. (2001) and Ciutina and Dubina (2006) to understand the cyclic performance of beam-to-column joints. In FEMA-355D (2000a) , which originated from the SAC joint venture, the proposed method of design was substantially altered so that it became completely different to that specified in previous codes (AISC 1997) , being based on the idea that the framing beams and panel zone should yield at the same time to achieve balanced behaviour. It defined the yield point of the beam and of the PZ as the base-line for this balanced condition. Jin and El-Tawil (2005) were, however, of the opinion that this method was unsatisfactory since such balanced beam and PZ capacity could not guarantee controlled distortion of these elements, and that it would not be possible to establish simultaneous yield mechanisms in the beam and PZ.
Similar to the PZ, continuity plate detailing has also been under discussion for many years. Hajjar et al. (2003) performed nine full-scale pull-plate tests, and confirmed that a half-thickness continuity plate, which is fillet-welded to both the column web and the column flanges, is sufficient for non-seismic design in comparison with full-thickness continuity plates with complete joint penetration (CJP) welds. However, the publication AISC (2005a) recommends that the continuity plate thickness should be at least equal to the beam flange thickness for seismic design.
Many provisions (FEMA-355D 2000a; FEMA-350 2000b) and codes (AISC 1997 (AISC , 2005a (AISC , 2005b have presented the necessary requirements and sufficient detailing for the design and implementation of all types of connections, especially for SMRF, but there has not been any instruction or suggestion for the case of unequal beam depth for interior columns. Taking these conditions into account seems necessary when two spans with considerably different span lengths are adjacent and this may result in the assignment of beams with different depths; on the other hand, there are also many alternatives to connect the deep beam and shallow beam together. Therefore, it creates a complexity for the designer to choose a proper detailing, especially for SMRF in seismic areas. With due regard to many consultant companies' schemes and experiences from the point of view of the authors and other professional engineers, it is observed that designers use beams with equal beam depths when encountered with such a condition and avoid presenting a scheme for this special case. In spite of the behavioral differences between the two cases, i.e., joint with unequal beam depths and equal beam depths, this study aims at investigating the seismic response regarding differences in connection detailing for this special case. In the present research, experimental studies were conducted to investigate the effect of different continuity plate arrangements and detailing for various configurations on PZ seismic performance.
Description of the experimental studies
Four tests were conducted to improve the present understanding of PZ detailing with unequal beam depths, using plate girder sections. Continuous fillet welds on both sides of the plates were used to join the elements, i.e., the beams and columns, together, and to simulate their connections as plate girders. Non-notch tough E6013 welding electrodes of 4 mm diameter were used for the construction of built up I shape members; electrodes of this type can produce welds that have a specified Charpy V Notch impact toughness of 50 J at 0°C (AWS 2002) . Figure 1a illustrates the test set-up, whereas the load pattern, which was applied according to AISC (2005a) , is shown in Fig. 1b. Figures 1c and 1d show the test specimens with inclined and straight continuity plate arrangement, respectively, as well as the detailing of the welding and the locations of the strain gauges. Strain gauges Nos. 1-6 were uniaxial, their direction of measurement being parallel to the main axes of the beams, whereas strain gauge No. 7 was a triaxial rosette, its main directions of measurement being parallel to the main axes of the beams and, orthogonally, parallel to the main axis of the column. The strain gauges are marked by bold lines, except for strain gauge No. 7, which is marked by an asterisk, and by their serial numbers (1-7). It should be noted that strain gauges 1 and 6 were fixed to the bottom beam flanges, gauges 2 and 5 to the bottom cover plate, and gauges 3 and 4, in the case of test specimens U1-FW1 and FW1, to the inclined continuity plate. In the case of test specimens U1-FW2 and FW2, gauge 3 was fixed to the lower continuity plate and gauge 4 to the middle continuity plate. Strain gauge No. 7 was fixed to the doubler plates, close to the latter's fillet weld line and the intersection of the column flange and -in the case of test specimens FW1 and U1-FW1 -the inclined continuity plate, or, in the case of test specimens FW2 and U1-FW2, the middle straight continuity plate, in each case on the shallow beam side. Before the main test program, coupon tensile tests were conducted for the identification of material properties.
The sub-assemblages were full-scale simulations of SMRF at the connection region, which were extracted from the frame assuming that the inflection point was at the mid-point of all the elements. The dimensions of the column flange and web sections were 25 cm × 1.5 cm and 32 cm × 1.0 cm, respectively, whereas those of the deep beam flange and web were 15 cm × 1.0 cm and 48 cm × 1.0 cm, this beam being referred to as "beam 50". The dimensions of the shallow beam flange and web sections were 15 cm × 1.0 cm and 28 cm × 1 cm, this beam being referred to as "beam 30". The doubler plates, and their detailing, were designed in accordance with AISC (2005a) , and the PZ thickness also satisfied the balanced condition of the connection and the PZ as stated in FEMA-355D (2000a) . Based on these provisions, the doubler plates had dimensions of 70 cm × 32 cm × 1.2 cm, and the continuity plates had a thickness of 1 cm, except for the inclined continuity plates which had a thickness of 1.2 cm. The thickness of the cover plate connection was calculated according to FEMA-267 (1995) and AISC (2005c). The clear length of the column was 300 cm, whereas each of the beams had an effective half-length of 155 cm. The distance between the hinged joints, located on the axes of the lateral hydraulic jacks, and the end of the shallow-deep beam was 37 cm (as shown in Fig. 1) . These values were considered in all the calculations. The detailing configurations of the test specimens are presented in Fig. 2 .
A constant axial load equal to 40 tons was applied and measured by a static jack and load cell to the top of the column (this load corresponded to a compressive stress value of 0.3f a , where f a is the column's allowable compressive stress, to simulate the axial load effects. The bottom end of the column was pinned to the laboratory strong floor, and out-ofplane buckling was prevented by devices that were installed at the mid-point of the beam spans. The specifications of the test specimens, including their material properties obtained from coupon tensile tests, the continuity plate arrangements, and the corner clip lengths are presented in Table 1 .
As shown in Table 1 , as well as in Figs. 1 and 2 , the test specimen U1-FW1 consisted of two unequal beams, with an inclined lower continuity plate which was fitted to meet the beam's bottom flanges. The corner clip length of the continuity plates was designed according to AISC (2005a), and amounted to 5 cm. Test specimen FW1 was similar to test specimen U1-FW1 except that the corner clip length of the continuity plates was not designed according to AISC (2005a) , and amounted to only 2.5 cm. The test specimen U1-FW2 also consisted of two unequal beams, but had three straight continuity plates, whose corner clip lengths were designed according to AISC (2005a). Test specimen FW2 was similar to test specimen U1-FW2, but the corner clip lengths of the continuity plates were not designed according to AISC (2005a) , and amounted to 2.5 cm. The doubler plates were welded to the column flanges using fillet-welded joints. Due to the existence of a continuous fillet weld line for the column section fabrication on both sides, the doubler plates to column flange weld line could not be a CJP weld type. During the first 19 cycles, the behaviour of test specimens U1-FW1 and FW1 was in the elastic range. The PZ of these two test specimens yielded earlier than the beams. Both test specimens then underwent inelastic behaviour, but at storey drift angles of 0.04 and 0.05 radians, corresponding to the 30th and 32nd cycles, no significant flange buckling of the deep beam had yet been observed. However, in the case of test specimens FW1 and U1-FW1, column web buckling in the proximity of the PZ geometric centre, i.e., intersection of diagonals of PZ's trapezoidal shape, was observed, which amounted to 10 mm by the end of the test. At a storey drift angle of 0.05 radians a sudden rupture occurred (see Figs. 3a and 3b) in the bottom flange of the deep beam of test specimen FW1, close to the end of this beam's bottom cover plate, and the test was terminated.
From the strain gauge data recorded at location 6, on the bottom flange of the shallow beam (see Fig. 4b ), it can be seen that the shallow beams of the test specimens with inclined continuity plates, i.e., U1-FW1 and FW1, hardly entered the nonlinear range, whereas those of the test specimens with straight continuity plates, i.e., U1-FW2 and FW2, did so significantly. In the case of test specimen U1-FW1, a crack initiated along the weld line of the column flange connection to the doubler plates, close to the bottom flange of the shallow beam, and ran upwards along the weld line (this crack is indicated by an arrow in Fig. 3c ). This crack began to appear at a storey drift angle of 0.04 radians, and propagated until a storey drift angle of 0.05 radians was reached. Figure 4a shows the measured strain demand vs. storey drift angle, referring to strain gauge location 7 (see Figs. 1c and 1d) .
After the test had been completed, a detailed examination was carried out on test specimen U1-FW1 to better understand the crack dimensions and propagation. This showed that the crack did not extend to the column weld line (i.e., the column flange to column web weld line), neither had it spread into other areas. However, in the case of test specimen FW1, with a corner clip length of 2.5 cm, no cracks occurred. This means that in the case of an inclined continuity plate arrangement, detailing could be more effective than in the case of a straight continuity plate arrangement. There was no initiation of such a crack in test specimens U1-FW2 and FW2, which had different corner clip lengths.
During the first 20 cycles, test specimens U1-FW2 and FW2, also showed elastic behaviour. At the 21st cycle, the deep beams of each of the two test specimens underwent inelastic behaviour, but without any significant buckling of the beam flanges or webs, so that there was no degradation in the seismic behaviour . These test specimens failed due to flange fracture of the deep beam's bottom flange at a storey drift angle of 0.05 radians, and the tests were terminated.
In the test specimens with straight continuity plates (U1-FW2 and FW2), no cracks occurred in the PZ area during the experiment even though they had done so in the case of test specimen U1-FW1. It seems that the sensitivity of the PZ boundaries to detailing is less in the case of straight continuity plates than in the case of inclined continuity plates.
From Fig. 4a it can be seen that, in the case of test specimens FW2 and U1-FW2, at location 7, maximum microstrains (the measured strain direction is parallel to the main axes of the beams) of 16 700 and 17 200 were obtained, whereas in the case of test specimens FW1 and U1-FW1 maximum microstrains of 10 300 and 7 450, were reached at the same location, respectively. It can also be seen from Fig. 4a that a large reduction in the strain measured at location 7 occurred suddenly, in the case of test specimen U1-FW1 and at a storey drift angle of 0.04 radians, which could indicate the occurrence of crack initiation at the weld line of the doubler plates to the column flange.
The maximum microstrains recorded at the individual strain gauge locations are shown, for all the test specimens, in Fig. 4b . In the case of test specimens FW1 and U1-FW1, maximum microstrains of 5000 and 4400 were recorded at the bottom flange of the shallow beam. These values are equal to about one-third of the corresponding maximum microstrains measured in the case of test specimens FW2 and U1-FW2 (15 000). This result confirms the hypothesis that the shallow beams of the test specimens with inclined continuity plates did not enter the nonlinear range significantly.
The method of calculation of the PZ shear strain varies for the different test specimens. In the case of test specimens U1-FW2 and FW2 there are, in fact, two separate panel zones. The weighted average value of the shear strain of the upper and lower panel zone segments can be calculated from the following expressions (FEMA 1996) :
where q lower-pz and q upper-pz are the shear strains of the lower and upper panel zones, respectively, a, b, and c are the corresponding lengths of the boundaries of the upper and lower panel zones (see Fig. 5 ), and D 1 , D 2 , D 3 , and D 4 are the data obtained by measurements using LVDT's, installed diagonally across the panel zone.
In the case of test specimens U1-FW1 and FW1, due to the presence of an inclined continuity plate along the lower boundary of the PZ, the latter's shape is trapezoidal. The method of calculation of the PZ shear strain is different from the other two test specimens. Based on the geometrical rules, the PZ shear strain can be computed as follows:
where (see Fig. 5 ) a, b, and c are the PZ boundary lengths; q 1 and q 2 are the angles that the inclined continuity plate makes with the column flanges; d 1 and d 2 are the main diagonals of the trapezoidal PZ; and D 1 and D 2 are the data obtained by measurements using LVDT's, installed diagonally across the panel zone. The deep beam response of test specimens U1-FW1 and U1-FW2, i.e., the normalized moment of the deep beam (M D /C pr Z D F ye ) at the column face versus the storey drift angle, is shown, as an example, in Fig. 6 . Both of the test specimens experienced a storey drift angle of 0.05 radians, and it was at this angle that rupture of the bottom flange of the deep beam occurred in all the specimens. However, at this angle there was no strength degradation in the response of the deep beams and the shallow beams, which means that neither their flanges nor their webs buckled significantly.
The PZ response of test specimens U1-FW1 and U1-FW2, i.e., the normalized total moment versus the PZ shear strain (M D + M S ) / (C pr Z D F ye + C pr Z S F ye ) is also shown in Fig. 6 , where M D and M S are the moments applied to the deep and shallow beams, Z D and Z S are their respective effective plastic section moduli, F ye is the expected yield strength of the material, and C pr is a factor that takes into account the peak connection strength (FEMA-350 2000b) . The experimental results show that the PZ shear strain of test specimen U1-FW1 was approximately 30% (on the minimum side of the PZ response) to 60% greater (on the maximum side of the PZ response) than the corresponding PZ shear strain of test specimen U1-FW2. Also, the normalized total moment of test specimen U1-FW1 reached a value of 1.3, but a value of 1.45 was obtained in the case of test specimen U1-FW2. The test specimens FW1 and FW2 showed approximately similar results compared to those corresponding to test specimens U1-FW1 and U1-FW2, respectively.
Verification of the main analytical models
On the basis of the results of the described experiments, a comprehensive series of elastic and inelastic analyses was performed using ANSYS (1998) (Structural Analysis Software). Numerical modelling of the connection was carried out using eight-node first order SOLID45 elements for the material and the welds. Large displacement element formulations were used to simulate buckling of the PZ, the beam flange and the beam web, as well as local kinking of the column flanges. A multilinear kinematic hardening plastic material model was used to simulate the cyclic inelastic behaviour. The material properties used in the analyses were based on the true stress-strain relationships obtained from engineering stress-strain relationships that are originated from the tensile coupon test.
To calibrate the FE models, mesh dimensions sensitivity analyses were conducted to find the models whose responses accurately matched the experimental responses. These analyses showed that in case of the test specimens U1-FW1 and FW1 mesh dimensions 2 cm × 1.5 cm × 1 cm for the beam flexural zone and connection along with mesh dimensions of 2 cm × 1 cm × 1 cm for the PZ provided the best fit regarding experimental responses. In case of the test specimens U1-FW2 and FW2 mesh dimensions 2 × 1.5 × 1 for beam flexural zone, connection and PZ yielded appropriate results. For other areas located on rigid zones, i.e., beam and column zones in the vicinity of the inflection points far from the joint and the connections, the meshes with dimensions of 10 cm × 5 cm × 1 cm were used. In transition areas, meshes with different sizes were used to join fine and coarse meshes. A comparison of the responses of the analytical models and the experimental results has shown that the FE models can accurately predict the inelastic response of the test specimens. Figure 7a shows a FE model of test specimen U1-FW2. The FE models were used to estimate the local response (i.e., the seismic behaviour of the PZ), as well as the global response (i.e., the response of the beams) with relatively small errors (less than 7%). These verifications are shown for test specimens U1-FW1 and U1-FW2 in Fig. 6 . In the case of all the test specimens, the observed and predicted resistance determined from the inelastic FE analysis correlated well with the experiment.
The results of the FE analyses correlated well with the local behaviour due to the consistent prediction of the location, initiation, and extent of local yielding, as shown in Fig. 7a . Another parameter that was in good agreement with the results of the experiments is the equivalent plastic stress. Taking into account the presented figures, this parameter can be used to predict the yield distribution area with acceptable accuracy. It is defined by the expression
where s x and s y , etc. are the stress components. The equivalent plastic stress results are displayed using the stress contour plots shown in Fig. 7c . It is clear that the surface stress distribution may vary within the thickness of the steel, but a comparison has been made for the surface which demonstrates the greatest magnitude of the local stress state.
Evaluation and comparison of the connection configurations using rupture indices
To evaluate and compare the different connection configurations for ductile fracture potential, a rupture index (usually abbreviated to RI) was used, and its values were computed for the different cases. This same methodology and approach has been used by other researchers (e.g., El-Tawil et al. 1998; Mao et al. 2001; Ricles et al. 2002 Ricles et al. , 2003 . The rupture index is defined as
where 3 pl eqv , 3 y , s m , and s eff are, respectively, the equivalent plastic strain, the yield strain, the hydrostatic stress, and the equivalent stress (also known as the Von Mises stress). A large tensile (negative) hydrostatic stress is often accompa- nied by large principal stresses, and generally implies a greater potential for either brittle or ductile fracture. In the presence of a crack or defect, a large tensile hydrostatic stress can produce large stress intensity factors at the tip of the crack or defect, and increase the likelihood of the brittle fracture (Hancock and Mackenzie 1976; Thomason 1990 ). The rupture index was introduced by Hancock and Mackenzie (1976) as a measure for the equivalent plastic rupture strain of steel under different conditions of stress triaxiality. The process of ductile fracture initiation is caused by a high tensile triaxial stress condition (i.e., a high tensile hydrostatic stress), which results in damage accumulation through microvoid nucleation and coalescence (Hancock and Mackenzie 1976; Thomason 1990 ). The ratio of the hydrostatic stress to the Von Mises stress, i.e., s m =s eff , which appears in the denominator of eq. [5] , is called the triaxiality ratio (TR). It has been reported by El-Tawil et al. (1998) that TR values of less than -1.5 can trigger brittle fracture, whereas even values between -0.75 and -1.5 can cause large reductions in the rupture strain of metals. The ratio of the equivalent plastic strain to the yield strain, which appears in the numerator of eq. [5] , is called the equivalent plastic strain index (PEEQ). This index is a measure of the local inelastic strain demand, and is also useful in evaluating and comparing different configurations. The PEEQ index can be computed from the following expression:
where 3 p ij are the plastic strain components. Values of the triaxiality ratio and PEEQ indices were computed for the different continuity plate arrangements and different investigated corner clip lengths, thus providing an additional means to compare the different cases. For all the models, the critical point was located at the intersection of the doubler plates' fillet weld line and the doubler plates, close to the shallow beam's bottom coverplate (see point "A" in Fig. 8a ). For evaluation and comparison of the deep beam side with the shallow beam side, point "B" on the deep beam side was also included. Figures 8a and 8b show the corresponding FE models of test specimens U1-FW2 and U1-FW1, and the locations of the above-mentioned critical points.
The equivalent plastic strain (3 pl eqv ), calculated from the inelastic analysis, can be used as an indicator of initial cracking in the analytical models. In the analysis, 3 pl eqv is based on the plastic strain component and on the general Von Mises equation:
where 3 pl eqv is the equivalent plastic strain; 3 pl y , g pl xy etc. are the appropriate components of the plastic strain; and n′ is the effective Poisson's ratio. Hancock and Mackenzie (1976) proposed a simplified model, the Stress Modified Critical Strain Model (SMCS) for capturing the void growth and coalescence mechanism in metals. Also based on the Cyclic Void Growth Model (CVGM) stated by Deierlein (2005, 2007) , a monotonic fracture consistent with the growth and the normalized rate radius determined from a coupon-scale test on circumferentially notched tension bars (CNTBs) is postulated. According to this model, ductile crack initiation occurs when the equivalent plastic strain exceeds a critical value of the plastic strain corresponding to the void size exceeding a critical void size. Applying and simplifying this concept, the critical plastic strain can be expressed as a function of the triaxiality ratio
The constant a in eq.
[9] is a material parameter indicative of the material resistance to ductile crack initiation and 3 pl-critical is a critical equivalent plastic strain defined according to eq. [9] . The SMCS and CVGM models capture the ductile crack initiation mechanism by taking into account the adverse effect of stress triaxiality on void growth and coalescence.
Some studies by El-Tawil et al. (1998) and Ferreira et al. (1998) have also suggested that crack initiation could be predicted with reasonable accuracy by defining a threshold value of 3 pl eqv for the given stress-strain state. In the present study, values of 3 pl eqv are approximately similar and the variation of values of 3 pl eqv happened at low tolerance and a definite range, thus a similar approach was adopted as part of this study. The initial cracking noted during the tests was ductile. This means that the cracks developed and lengthened prior to the final fracture. As a result, 3 pl eqv was used as the primary indicator of fracture potential for the already mentioned critical points.
The crack itself was not modelled explicitly, but by computing the values of the above-mentioned indices for each connection parallel to the test observations and data, it was possible to predict and monitor crack initiation. Points "A" and "B" correspond to the same location in the different continuity plate arrangements. These points are located in a high plastic stress demand region of the panel zone for the different continuity plate arrangements. Both geometrical and material non-linearities were considered in the analyses of the models.
The obtained values of the investigated indices, i.e., the equivalent plastic strain, the PEEQ index, the triaxiality index, and the rupture index, are presented, all plotted against the storey drift angle, in Fig. 9 . In the case of test specimen U1-FW1, at a storey drift angle of 0.04 radians, the equivalent plastic strain (3 pl eqv ) reached a value of 0.0039 (at point "A"). The corresponding values for the test specimens FW1, FW2, and U1-FW2 amounted to 0.0029, 0.0027, and 0.0033, respectively. In the case of the analytical models of test specimens U1-FW1, FW1, U1-FW2, and FW2, the equivalent plastic strain 3 pl eqv reached values of 0.0051, 0.0038, 0.0037, and 0.0031, at a storey drift angle of 0.05, the largest value being obtained in the case of test specimen U1-FW1. In the case of the analytical model of this test specimen, where, in the experiment, a crack appeared close to the doubler plates continuous weld line, the equivalent plastic strain 3 pl eqv reached values of approximately 0.004 and 0.005 at storey drift angles of 0.04 and 0.05 radians. These limits (i.e., 3 pl eqv = 0.004 to 0.005) correspond to crack initiation and propagation in the doubler plates at the critical point (A). Hence this could be considered as the crack initiation threshold. In Fig. 9 , the PEEQ index also presents information corresponding to the given values of 3 pl eqv .
In the case of all the analytical models, the triaxiality ratio (TR) had values that were less negative than -0.75, so that brittle rupture was predicted. However, the TR curves corresponding to the analytical models of test specimens FW1 and U1-FW2 show greater consistency, and have, in general, less negative values than those of the corresponding models of test specimens U1-FW1 and FW2, especially at a storey drift angle of 0.05 radians.
Comparisons of the TR indices corresponding to the critical points of the four main analytical models revealed that the TR index of the model of test specimen U1-FW1 had its maximum (negative) value at a storey drift angle of 0.02 radians, after which it becomes less negative, reducing to a value of -0.06 at a storey drift angle of 0.05 radians. In the case of the model of test specimen FW1, the value of the TR index was approximately five times greater than that corresponding to the model of test specimen U1-FW1 at this storey drift angle. This abnormal stress condition adjacent to the fillet groove weld (point "A"), in the case of the model of test specimen FW1, led to the largest reduction in the rupture strain among all the selected points.
The TR values corresponding to test specimens U1-FW2 and FW1 are more consistent than those of test specimens U1-FW1 and FW2, reaching values of -0.15 and -0.3, respectively, at storey drift angles of 0.02 and 0.06 radians. It therefore appears that the corner clip length detailing for straight continuity plates, according to the above-mentioned AISC (2005a) ensures sufficient safety, but could be inappropriate for inclined continuity plates.
Since variations of TR value for the test specimens of this study are within a small range at a storey drift angle of 0.015 to 0.05 radians (Fig. 9) , regarding eqs.
[6] and [9] stated by Kanvinde and Deierlein (2007) for these cases, the equivalent plastic strain has played a more important role than the TR value at critical points and ductile crack initiation occurs when the equivalent plastic strain exceeds a critical value, i.e., crack initiation threshold established by observations, experimental and analytical data.
In the case of the model of test specimen U1-FW1, the rupture index reaches a value of 4.24 at a storey drift angle of 0.05 radians, whereas in the case of the models of the other test specimens about 50% smaller RI values are obtained. Taking into account this result, as well as the experimental data and computed analytical indices, it can be concluded that there is fair agreement between the experimental and analytical results, so that the potential for cracking can be anticipated properly.
Overview of the results obtained in the parametric analysis
In this study, the previously described FE analysis procedures were used to extend the applicability of the results of the experiment, as well as to examine the validity of previous experimental studies, and to investigate the influence of a much larger range of parameters than those that were investigated within the scope of the experimental work program. These parameters were evaluated within the analysis group which is presented in this chapter. According to FEMA-355D (2000a) , the PZ design, including the requirements for doubler plates thickness, is based on a condition of balance between the flexural yield strength of the beam and the PZ shear strength. For a connection where such flexural yielding develops at the face of the column, the shear demand generated by the flexural yield of the beam can be defined by the following expression:
where V PZMy is the shear which is transferred from the beam to the PZ, L is the beam span length, h is the column total height, d b is the depth of the beam section, d c is the height of the column section, M y is the yield moment capacity and l p is the cover plate length. The PZ yield shear is defined in the provisions of FEMA-355D (2000a) , by the following expression:
where F yc is the column web yield stress and t wc is the column web thickness (including the doubler plates). These provisions suggest that 0:6 < V PZMy =V y < 0:9 is a safe margin to prevent the occurrence of excessive stress concentrations in the connection, or of excessive deformation and potential fracture of the PZ weld line. It should be noted that the doubler plate thickness used in the described experimental work corresponds to the upper threshold of this criterion, i.e., V PZMy =V y ¼ 0:9. To extend the applicability of the results of the experiments, V PZMy =V y ratios 0.8 and 0.7 were also included in the analytical models. Different corner clip lengths were considered, including continuity plates without corner clip lengths (R(0)), and corner clip lengths of 2.5, 5.0, and 7.5 cm, which are referred to by the following notation: R(0), R(2.5), R(5), and R(7.5). The continuity plate arrangement with no corner clip length is not practical in actual construction, but was included in this study for comparison purposes. The corner clip length R(5) corresponds to AISC (2005a), detailing for a corner clip length of: 3.8 cm for the k-area + 1.2 cm for the width of the weld line, which compensates for the neck area of the equivalent hot-rolled section. The main beam arrangement of the test specimens was "50-30", this designation originating from the depths of the deep and shallow beams, as defined earlier. In this arrangement there is a relative angle of 30°, which is calculated from the expression:
In this expression, called hereinafter the "relative beamto-column section depth angle", d db , d sh , and d c are the total section heights of the deep and shallow beams, respectively, and the total section height of the column.
To better evaluate the effect of beams with different total section heights, as well as the above-mentioned detailing arrangement on the SMRF performance, a beam arrangement of "50-40" was also included. This arrangement consisted of a deep beam with a total section height of 50 cm (identical to the deep beam used in the experiments), and a shallow beam with a total section height of 40 cm, the latter having web section dimensions of 38 cm × 1 cm and flange section dimensions of 15 cm × 1 cm. This arrangement resulted in a relative beam-to-column section depth angle of 15°.
Based on the two above-described beam height arrangements (the "50-40" and "50-30" series), with two continuity plate detailing arrangements (straight (S) or inclined (I)), as well as three (V PZMy =V y ) ratios (0.9, 0.8, and 0.7), and four different corner clip lengths (7.5, 5, and 2.5 cm, and no clip), a total of 48 comparable analytical models were defined. The naming convention consisted of four parts: the first part indicated the beam height arrangement, the second part the continuity plate arrangement (straight or inclined), the third part the assumed V PZMy =V y ratio, and the fourth part the corner clip length (R(0), R(2.5), R(5), and R(7.5)). These models were designed according to AISC (2005a), and FEMA-267A (1997) . The values of the V PZMy =V y ratio (0.9, 0.8, 0.7) corresponded to panel zone thicknesses (including the doubler plates) of: 22, 25, and 28 mm for the "50-30" series, and of 23, 26, and 30 mm for the "50-40" series.
Discussion of limitations and design implications
In the experimental work of the present study, some limitations have been imposed in the laboratory; some of them consisting of: (1) similar and constant lengths between inflection points and the column face while it could be non-similar and non-constant in actual conditions (2) the absence of the concrete slab. These limitations could affect the cyclic responses of beams, PZ and actual behaviour of test specimens; however, the focus of this study is considering the effect of detailing on PZ seismic behaviour and the results can just show the comparative aspects of detailing effects to improve seismic performance of the PZ for these special cases, i.e., unequal beam depth.
The analytical results consist of the equivalent plastic strain values versus the storey drift angle for each analysed model. The maximum values of 3 pl eqv versus the V PZMy =V y ratio at a storey drift angle of 0.05 radians (as a reliable estimate of the performance of SMRF with beams of unequal depths) are presented in Fig. 10 . The values of 3 pl eqv were compared, for every analytical model, with the value range of 0.004 to 0.005, which was called the crack initiation threshold.
From Fig. 10 it can be seen that at the critical point "A" the values of 3 pl eqv in some cases exceed the crack initiation threshold, whereas, in the case of the critical point "B" (close to the deep beam side), there is no case of an analytical model, for all the beam series, in which the values of 3 pl eqv would exceed this threshold. This means that critical point "A" is more important than critical point "B" with regard to the computed values of 3 pl eqv . In the case of the "50-30" series, for straight continuity plate arrangement and all values of V PZMy =V y , at the critical point "A" the computed values of 3 pl eqv do not exceed the crack initiation threshold (0.004 to 0.005). Taking into account the inclined continuity plate arrangement, and considering point "A", it can be seen that in the case of corner clip lengths of either R(2.5) or R(0), the values of 3 pl eqv do not go beyond the crack initiation threshold (0.004 to 0.005), whereas in the case of corner clip lengths of R(5) and R(7.5), they do. In general, it was found, in all cases of analytical models, that when the value of V PZMy =V y decreases, the value of 3 pl eqv also decreases. In the case of the "50-40" series, the analytical models with an inclined continuity plate arrangement generally showed lower values of 3 pl eqv at the critical point "A" than the models with straight continuity plates. The computed values of 3 pl eqv at the critical point "A" do not go beyond the crack initiation threshold in any of the cases of the analytical models with an inclined continuity plate arrangement. This means that the inclined continuity plate arrangement could be recommended for the smaller relative beam-to-column section depth angle (15°), instead of the straight continuity plate arrangement. However, in the case of the straight continuity plate arrangement and a ratio of V PZMy =V y ¼ 0:9, and corner clip lengths of either 2.5, 5.0 or 7.5 cm, the computed values of 3 pl eqv exceed the crack initiation threshold. This means that in the case of the "50-40" series, a straight continuity plate arrangement can be only recommended for cases when V PZMy =V y 0:8.
Conclusions
This study has been performed on a subject that has been neglected thus far in the codes for SMRF systems involving unequal beam depths. The rupture of the doubler plates weld line to the column flange can be affected by many parameters, such as geometrical differences, the continuity plate arrangement, the strength ratio (V PZMy =V y ), and the corner clip length in this special case. Analytical models can be used to examine the sensitivity of each parameter. The following preliminary conclusions have been drawn from the performed experimental and analytical work:
1. Regarding strain gauge data fixed to the PZs' corner and beams' flanges for all test specimens in the experiment, it appears that the yield sequence in the deep and shallow beams could be different, depending on the continuity plate arrangement. The interval between the onset of yielding in the beams and in the PZ was longer in the case of the test specimens with inclined continuity plates than in the case of those with straight continuity plates. 2. Regarding analytical results, in the case of all the analytical models, it is found that when the value of V PZMy =V y decreases, the value of 3 pl eqv also decreases. The rate of such a reduction also depends on the continuity plate arrangement. A decrease in the value of the V PZMy =V y ratio generally results in a reduction of PZ shear deformation and a reduction in 3 pl eqv for the most critical point ("A"), which is located next to the doubler plates connection weld line. Increased values of the equivalent plastic strain 3 pl eqv for the inclined continuity plate arrangement at critical point ("A") could be a reason for preferring a straight continuity plate arrangement, especially when the differences of beam heights are considerable and for V PZMy =V y > 0.8. 3. From the obtained experimental and analytical results, the proper corner clip length can be different for every case in unequal beam case, taking into account the different shear ratios (V PZMy =V y ) and continuity plate arrangements, and there is no unique detailing for the reduction of crack initiation potential for all cases. It appears that the corner clip length that is recommended by AISC (2005a), does not provide a safe margin for the inclined continuity plate arrangement with regard to the potential cracking of this weld line. The sensitivity of straight continuity plates, i.e., the middle and lower continuity plates, to corner clip length is less than in the inclined continuity plate arrangement, so that the AISC (2005a), detailing for this case is within safe margins. 4. According to the results of the experiments, straight continuity plates (as used in test specimens U1-FW2 and FW2) provide more strength and greater initial stiffness than inclined continuity plates for PZ and beams. The experimental results showed that the shallow beams of the test specimens with inclined continuity plates (i.e., U1-FW1 and FW1) did not enter the nonlinear region significantly. In the case of these test specimens, at the face of the column, the normalized moment of the shallow beam (M S /C pr Z S F ye ) reached values of 1.17 and 1.19, whereas in the case of the test specimens with straight continuity plates, (i.e., U1-FW2 and FW2) the shallow beam yielded significantly, so that at the face of the column (M S /C pr Z S F ye ) this normalized moment reached values of 1.45 and 1.47. Results also indicate that inclined continuity plate arrangement could provide more PZ shear deformations compared to straight continuity plates with the same shear ratio (V PZMy =V y ).
